INTRODUCTION
Myotonic dystrophy (DM1) is the most common form of adult muscular dystrophy, with an incidence of 1 in 8000. It is inherited as an autosomal dominant trait and is associated with defects in many tissues, including skeletal muscle myotonia, progressive myopathy, cataracts and abnormalities in the heart, brain and endocrine systems. Clinical expression of the disorder is variable, with some patients showing only development of cataracts in middle-age, while others show severe neonatal hypotonia. The classical presentation is a progressive muscular dystrophy affecting distal muscles more than proximal, often associated with the inability to relax muscles appropriately (myotonia) (1) . DM1 is caused by the expansion of a CTG repeat in the 3′ untranslated region (3′-UTR) of protein kinase (DMPK) which maps to 19q13.3. The normal DMPK gene contains 5-37 copies of the CTG repeat whereas in DM1 patients the repeat is expanded in the range of 50 to several thousand CTGs. Repeat expansion shows a positive correlation with the severity of the disease and an inverse correlation with age at onset (2) . Moreover, there is somatic mosaicism, for example CTG repeat lengths in muscle cells are longer than those in circulating lymphocytes (3) .
There are three proposed mechanisms to explain the molecular basis of DM1. First, the expansion affects the level of DMPK expression in cis by altering its transcription, or by the retention of CUG expanded transcripts, which may lead to haploinsufficiency (4) . Second, the expansion mutation may alter chromatin structure and affect the expression of both DMPK and other neighbouring genes (5) (6) (7) (8) . It has been shown that deficiency of Six5 (encoded by the Six5 gene which is immediately downstream of Dmpk) in mice contributes to the cataract phenotype that is common in DM1 patients (9) . The third model involves a dominant RNA mutation in which RNAs from the expanded allele create a gain-of-function mutation. Recent experimental data from transgenic mice, expressing an untranslated expanded CUG repeat under the control of the human skeletal actin promoter, showed that expanded CUG repeats are sufficient to generate a DM1 phenotype (10) . It has been shown that the transcripts containing CUG expanded repeats accumulate in the nucleus of both cultured cells (11, 12) and biopsy tissues from patients with DM1 (13) . Thus, the repeat expansion could also cause a toxic effect on nuclear metabolism by removing specific cellular proteins that are required for normal functions of the cell, such as pre-mRNA processing or export.
Initial attempts to identify proteins that may be sequestered by CTG repeats produced a CUG-binding protein (CUG-BP). This was initially isolated using a band-shift assay with a (CUG) 8 repeat probe (14) . In subsequent studies the possible role of CUG-BP in DM1 was strengthened by the finding that the cellular distribution of two different phosphorylated forms of CUG-BP was different in cells derived from DM1 patients and in mice lacking Dmpk (15) . In addition, the observation that CUG-BP played a role in RNA processing and that alternative splicing of one of its targets, cTNT, was affected by DM1 status, added further weight to its central role in this disorder (16) . However, there is also evidence against the direct interaction of CUG-BP and expanded repeat units. The demonstration that CUG-BP only bound to the base of a stem-loop *To whom correspondence should be addressed. Tel: +44 115 9513220; Fax: +44 115 9513251; Email: marion.hamshere@nottingham.ac.uk structure in EM studies (17) raised the possibility that this protein was not sequestered as a direct consequence of repeat expansion, but perhaps that the effects noted were a secondary consequence of the binding of an alternative protein.
Other proteins have now been proposed as candidates for sequestration by retained DMPK transcripts. hnRNPs are an abundant family of proteins that associate with pre-mRNAs during transcription and/or remain associated with nuclear mRNAs after splicing is completed. It has been suggested that mRNA export is regulated by interplay between different hnRNPs, with hnRNP C promoting nuclear retention and hnRNP A mediating nuclear export (18) . As hnRNP C has also been shown to bind to the DMPK 3′-UTR (19) it could play a central role in the retention of expansion derived transcripts. A third candidate protein has now been identified as a triplet repeat expansion-associated protein; MBNL/EXP was found to be sequestered in the nucleus of DM1 cells (20) . These proteins are homologous to Drosophila muscleblind protein which is required for terminal differentiation of muscle and photoreceptor cells (21, 22) .
In order to clarify the role of CUG-BP, hnRNP C and MBNL/EXP in DM1, we have examined the localisation of these proteins with respect to the foci of triplet repeat transcripts that are formed in cells derived from patients with DM1. While our data indicate that CUG-BP and hnRNP C do not colocalise with triplet repeat foci, we show for the first time that MBNL/EXP co-localises with these transcript foci in the nuclei of DM1 cells.
MATERIALS AND METHODS

Green fluorescent protein (GFP)/CUG-BP construct
To obtain a GFP/CUG-BP fusion construct, plasmid tg-cugbp containing the coding fragment of the CUG-BP (hNab50) cDNA (gift from T. Cooper) was digested to completion with BamHI and XbaI. The coding fragment was gel-purified and subcloned into pEGFP-C1 (Clontech). The sequence of the resulting in-frame GFP/CUG-BP fusion construct was verified by restriction digestion and sequence analysis.
GFP/hnRNP C construct
To produce a GFP/hnRNP C fusion construct, the hnRNP C coding region was amplified by PCR from I.M.A.G.E clone: 3358683 (HGMP Resource Centre) using primers 5′-CCATC-GAATTCGATGGCCAGCAACGTTACCAAC-3′ and 5′-TAATGGGATCCGATTTCTAAACCCCACTATGTGC-3′. The resulting 926 bp PCR product was cloned into pGEM-T (Promega) and sequenced. The open reading frame of hnRNP C was removed from this vector on an EcoRI and BamHI fragment and subcloned into pEGFP-C1.
GFP/MBNL construct
Total mRNA was extracted from HeLa cells and subjected to reverse transcription using random decamers according to the manufacturer's instructions (Reverse-iT first strand synthesis kit, Abgene). Two MBNL fragments were subsequently generated by PCR using Platinum Pfx DNA polymerase (Gibco Life Technologies). Primer pairs 5′-ATGGCTGGTACCGTCAC-ACCAATTCGGGACAC-3′ and 5′-CAAGAGCAGGCCTC-TTTGGTAATG-3′ were used to generate the 5′ part of MBNL and 5′-GCTGCCATGACTCAGTCGGCTGTC-3′, 5′-CATC-TGGGATCCATACTTGTGGCTAGTCAGATGTTC-3′ to generate the 3′ part of MBNL. The PCR products obtained were cloned into pGEM-T and to obtain the full MBNL coding sequence, the two fragments were digested and combined using an internal EcoRI site. The complete MBNL coding sequence was then subcloned into KpnI/BamHI digested pEGFP-C1 plasmid. This GFP/MBNL construct was verified by sequencing.
Cell culture and transfection
DM1 and control fibroblast cell lines were grown on coverslips for 24 h in Dulbecco's minimum essential media (DMEM) (Gibco Life Technologies) containing 20% (v/v) fetal bovine serum (Gibco Life Technologies) and antibiotics penicillin and streptomycin (0.2 U and 0.2 µg/ml, respectively) (Gibco Life Technologies). After 24 h the cells were transiently transfected with 0.6 µg DNA construct and 15 µl Effectene reagent according to the manufacturer's instructions (Qiagen). To avoid cytotoxicity the Effectene-DNA complexes were replaced by complete medium after 18 h and the cells were incubated for a further 30-42 h.
In-situ hybridisation
This modified method is based on that described in Taneja et al. (13) . Briefly, cells on coverslips were washed with Hanks' Balanced Salt Solution (HBSS) (Gibco Life Technologies) and fixed for 10 min at room temperature in 4% (w/v) paraformaldehyde/PBS, 5 mM MgCl 2 . After fixation, cells were treated with 40% (v/v) formamide in 2× SSC for 10 min at room temperature. Cells were then hybridised for 3 h at 37°C with 15 ng Cy3-labelled (CAG) 10 -oligonucleotide (Operon) in 150 µl total volume containing 40% (v/v) formamide, 2× SSC, 0.2% (w/v) BSA, 10% (w/v) dextran sulfate, 2 mM vanadyl adenosine complex, 1 mg/ml Escherichia coli transfer RNA and 1 mg/ml salmon sperm DNA. After hybridisation cells were washed twice with PBS for 5 min and mounted on slides. To check that hybridisation with Cy3-labelled (CAG) 10 -oligonucleotide was specific, control cells without expanded tracts were analysed in parallel with DM1 cells. Foci were never observed in control cells. In addition, Taneja et al. (13) reported an extensive investigation into the subcellular distribution of DMPK transcripts using several DMPK-specific probes from different regions of the transcript. From their findings, foci of DMPK transcripts are not found in control cells. Thus, the foci that are observed in DM1 cells, using a Cy3-labelled (CAG) 10 -oligonucleotide, are a feature of these cells and are not due simply to the presence of more target sequence as a consequence of repeat expansion.
Cell immunofluorescence and in-situ hybridisation
Based on a method originally developed by M. Mahadevan (personal communication), control and DM1 fibroblast cells were grown on coverslips for 24 h. Cells were fixed with 4% (w/v) paraformaldehyde and treated with 70% ethanol for 10 min and rehydrated in PBS for 10 min. For binding of primary antibody, cells were incubated for 1 h with 100 µl of the appropriate monoclonal antibody (1/300 dilution for anti CUG-BP, mAb 3B1, and 1/1000 dilution for anti-hnRNP C, mAb 4F4) and washed three times with PBS, each for 5 min. Indirect detection of primary antibody was achieved by incubation with 1/200 diluted secondary antibody (Alexa 488-labelled goat anti-mouse IgG; Molecular Probes) for 1 h. Cells were subjected to three 5 min washes with PBS. In-situ hybridisation was then performed as described above.
Fluorescence microscopy and quantification of colour intensity
Fluorescent staining was examined using an Olympus BX60 microscope equipped with a cooled digital CCD camera (Princeton Instruments). The Alexa 488-labelled goat anti-mouse IgG and GFP fluorescence were analysed using a 480/40 nm excitation and a 535/50 nm emission filter combination. The Cy3 fluorescence was analysed using a 545/30 nm excitation and a 610/75 nm emission filter combination. The images were processed using IP Lab software (Scanalytics). To quantify intensity of colour in different areas of the cells, an area of background or transcript foci was selected on a merged image and the mean intensity of colour per pixel automatically calculated for each channel according to software manuals.
RESULTS
Intracellular distribution of endogenous CUG-BP
In view of the suggested role for CUG-BP in DM1, we set out to examine whether this protein might be sequestered by the expanded-repeat-containing DMPK transcripts in vivo. CUG-BP was initially identified as a protein that bound to a CUG repeat (14) ; the hypothesis behind its involvement in DM1 is that binding of this protein to large numbers of target sites, produced by expansion of the repeat unit in DMPK, would lead to its sequestration in the nucleus. Although there is indirect evidence against a simple sequestration model for CUG-BP (17, 19) , there has been no direct evidence that formally disproves this hypothesis in vivo. In order to test the CUG-BPsequestration hypothesis, we set out to determine whether there was an increase in the concentration of CUG-BP at sites in the nucleus that corresponded to the foci of transcripts containing the repeat expansion alleles of DMPK that can be detected by in-situ hybridisation. To determine whether there was an increase in the amount of CUG-BP co-localising with the foci of expanded transcripts, the transcript foci and the amount of protein at these transcript foci were visualised simultaneously by in-situ hybridisation and immunofluorescence in DM1 patient derived fibroblast cell lines. To quantify the amounts of immunoreactive protein at the transcript foci, mean intensities of fluorescence were measured for all transcript foci in 42 cells from four different DM1 cell lines. In order to establish the overall distribution of CUG-BP in the nucleus the mean intensities for regions adjacent to each focus were also determined as controls. Analysis of the variation in intensity of CUG-BP fluorescence indicated that distribution of CUG-BP was similar in DM1 cells to control cells, there were no distinct foci of CUG-BP protein, and there was no significant increase in the amount of immunoreactive protein at the foci of expanded repeats (Figs 1 and 2) .
Intracellular distribution of endogenous hnRNP C
Analysis of the distribution patterns for hnRNP C in DM1 cells can answer two questions. First, whether hnRNP C is sequestered by the expanded repeat, thereby revealing a direct role for loss of hnRNP C in the formation of DM1. Second, whether the nature of the transcripts (in terms of their state of RNA processing) in the foci can be determined by analysing associated hnRNPs in vivo. hnRNP C is a member of a subset of hnRNPs whose roles do not appear to involve shuttling RNA between the nucleus and the cytoplasm, but are more likely to be involved with a nuclear-specific processing event (18) . hnRNP C has also been shown to have a high affinity for pyrimidinerich sequences and has been found to be associated with the 3′-UTR of DMPK (19) . Thus, we set out to determine whether the foci of expanded repeat transcripts that are present in the nucleus of DM1 cells, sequester or are associated with hnRNP C. We examined the intracellular distribution of DMPK expanded transcripts using in-situ hybridisation for the detection of transcript foci simultaneously with immunofluorescence to detect hnRNP C using mAb 4F4. Endogenous hnRNP C was found to be diffusely distributed through the cell with a higher concentration in the nucleus in DM1 and control cells; there were no visible protein foci in the nucleus of DM1 cells (Fig. 3) . The nuclei of 23 cells from two DM1 patients were analysed, and the mean intensity of fluorescence measured in transcript foci and the background as described above. No significant increase in the amount of immunoreactive hnRNP C was observed at the transcript foci (Fig. 2) .
Intracellular distribution of a GFP/CUG-BP fusion protein
As levels of CUG-BP are relatively low in fibroblast cells, lack of enrichment could be due to lack of protein. To test the in vivo capacity for CUG-BP to interact with foci of transcripts, we produced an expression construct of GFP/CUG-BP. This produces a fusion protein comprising full-length CUG-BPtagged with enhanced GFP at the N-terminus. Control and DM1 fibroblast cells were transiently transfected with the fusion construct and analysed for the distribution of fusion protein by direct visualisation of GFP, and expanded repeat transcripts by in-situ hybridisation with a Cy3 probe (Fig. 4A-D) . Measurements of fluorescence of transcript foci in 44 DM1 cells from three different DM1 patients indicated that there was no significant increase in the amount of fusion protein present at the transcript foci compared to background (Fig. 2) . Despite the large size of the GFP tag, the fusion protein has a similar nuclear distribution pattern to endogenous CUG-BP (Fig. 1) . Due to overexpression of the fusion protein, some control cells (Fig. 4A ) and DM1 cells (Fig. 4B) showed bright spots of GFP that were also visible by phase contrast microscopy. These bright spots might represent pre-nuclear bodies that have previously been reported by others (23) . However, they also provided a mechanism to test whether expanded transcripts could be drawn towards high concentrations of CUG-BP protein. Analysis (Fig. 2) of the amount of fluorescence from the (CAG) 10 Cy3 in-situ probe indicated that there was no significant increase in the amount of CUG-rich transcript present in these concentrated spots of fusion protein (Fig. 4B-D) .
Intracellular distribution of a GFP/hnRNP C fusion protein
To determine whether overexpression of hnRNP C gave a similar distribution pattern and to circumvent any problems associated with non-specificity of antibody, we generated a construct to produce a GFP/hnRNP C fusion protein. GFP/ hnRNP C was transiently expressed in control and DM1 cells, which were then analysed for co-localisation of the fusion protein, by direct visualisation of GFP, and foci of expanded repeats using in-situ hybridisation with a (CAG) 10 Cy3 probe (Fig. 4E-H) . Analysis of 28 cells from two DM1 patients indicated that there were no visually detectable foci of GFP/ hnRNP C protein neither was there a significant increase in the amount of fusion protein at the site of the transcript foci when analysed quantitatively (Fig. 2) .
Intracellular distribution of GFP/MBNL fusion protein
The identification of proteins with affinity for expanded CUG repeats has provided indirect evidence for an interaction between retained DMPK transcripts and the human homologue of the Drosophila muscleblind in vivo (20) . However, for technical reasons, Miller et al. (20) were unable to co-localise the foci of transcripts that are a hallmark of DM1 cells with the increased concentrations of MBNL that were noted in DM1 cells. In order to formally establish whether there is a direct interaction between this RNA binding protein and the expanded repeats in DM1 cells in vivo, we generated a construct to produce a GFP/MBNL fusion protein. Following transient transfection of this construct into control and DM1 cells, we examined the distribution of the fusion protein in relation to the foci of repeat expansion transcripts as determined by in-situ hybridisation with a (CAG) 10 Cy3 probe. In control cells, GFP/MBNL is distributed through the nucleus and cytoplasm with greater concentration in the nucleus (Fig. 4I) . In DM1 cells GFP/MBNL is distributed similarly, but crucially there are multiple nuclear protein foci that represent high concentration of GFP/MBNL which are absent from the nucleus of control cells (Fig. 4I and J) . To determine whether these concentrated spots of GFP/MBNL co-localise with the foci of expanded transcripts we measured the intensity of GFP at the transcript foci ( Fig. 4K and I) . The intensities of GFP were measured at all 92 transcript foci from 31 cells taken from two DM1 patients. A significant increase in intensity of GFP, above the background, was noted for regions of the nucleus that are shown to contain foci of expanded repeats by in-situ hybridisation (Fig. 2) .
DISCUSSION
According to the dominant RNA mutation model, the molecular pathology of DM1 arises as a consequence of nuclear proteins (or nucleic acids) interacting with DMPK expanded repeat transcripts retained within the nucleus of DM1 cells. We set out to examine the relationship between three proteins, CUG-BP, hnRNP C and MBNL, and DMPK transcripts containing expanded repeats in cell lines from DM1 patients using assays that allow the simultaneous detection of each protein and the expanded repeat transcript. Two types of assay were used, the first involved the detection of protein using indirect immunofluorescence, the second used a more direct tracking method with exogenous GFP-tagged proteins.
Initial studies into the sequestration of protein by expanded repeats suggested a role for CUG-BP (14,16), thus we set out to test whether CUG-BP co-localised to expanded triplet repeats in vivo. Our results indicated that neither endogenous CUG-BP, visualised by indirect immunofluorescence, nor GFPtagged CUG-BP co-localised to expanded repeat transcripts. This result suggests that the sequestration of CUG-BP by nuclear retained transcripts is not a primary feature of DM1 and therefore questions the direct role of this protein in DM1 pathophysiology. It also indicates that the alterations in CUG-BP phosphorylation state reported by others (15) may be a secondary effect of nuclear retention. Studies using electron microscopy and thermal melting have shown that long CUG repeats form double-stranded RNA hairpins (24, 25) . Similar studies have also shown that CUG-BP does not bind along the stem of the duplex but is localised to the base of the RNA hairpin (17) . Furthermore, evidence from yeast three hybrid analysis (26) indicates that CUG-BP is strongly and specifically associated with UG dinucleotide repeats. In addition, if CUG-BP is directly associated with DMPK transcripts, a slight increase in the level of this protein might be expected at transcript foci, due to a concentration effect, as estimates indicate that foci contain 15-230 DMPK transcripts (27) . As no increase was noted, this may question whether CUG-BP has any interaction with DMPK in vivo. Thus, the absence of CUG-BP binding to double-stranded RNA is consistent with the results presented here showing no sequestration of CUG-BP in foci of expanded DMPK repeat transcripts.
The finding that CUG-BP did not co-localise with the expanded repeat transcripts led us to investigate two other proteins. As hnRNP C has been shown to play a role in RNA processing/export (18) we analysed the distribution of this protein in DM1 cell lines. The rationale for this analysis was that if repeat expansion transcripts were not fully processed they should still be associated with hnRNP C which may in turn be preventing their export from the nucleus. However, in both antibody staining and GFP tag experiments hnRNP C was not enriched at the site of expanded repeat transcripts. This result indicates either that transcripts are processed, but are unable to be exported, perhaps because of steric hindrance by binding of another protein, or the binding of another protein may prevent the normal association of hnRNP C with these transcripts. In either case, binding by hnRNP C does not appear to be the cause of the nuclear retention.
The third protein analysed in this study was MBNL. Using indirect immunofluorescence, Miller et al. (20) demonstrated the presence of concentrated regions of MBNL in the nuclei of DM1 cells. However, due to technical difficulties possibly due to the exclusion of the Cy3-labelled probe by the presence of antibody bound protein, they were not able to demonstrate colocalisation of protein with foci of DMPK transcripts. In order to overcome these technical problems we generated a GFPtagged form of MBNL. Our results showed that the foci of expanded DMPK transcripts always co-localised to protein foci containing high amounts of GFP-tagged MBNL. The intensely green spots of GFP/MBNL that were a feature of the DM1 cells were never seen in control cells that had been transfected with the fusion construct. These results support a direct/ primary role for MBNL in DM1.
From these results we conclude that one of the primary events in DM1 is the sequestration of MBNL protein by the repeat expansion. Whether this is a cause or an effect of the nuclear retention remains to be elucidated.
